Abstract: Sainfoin (Onobrychis viciifolia Scop.) is a perennial forage legume widely distributed in the northern temperate regions of the world. Its genetic improvement has been relatively slow due, in part, to the lack of genetic information including molecular characterization of sainfoin germplasm. An attempt was made to evaluate genetic diversity and relationships among 38 sainfoin accessions collected from different regions of the world using amplified fragment length polymorphism (AFLP) markers. Five AFLP primer pairs were used to assess 367 individual plants, which produced 1042 polymorphic AFLP bands. The frequencies of the scored bands in all assayed individuals ranged from 0.003 to 0.973, with a mean value of 0.165. The analysis of molecular variance revealed higher within-accession (84.3%) genetic variation than among accessions (15.7%). The genetic distance based on inter-accession distance matrices was significant for most accessions but was not significant for accessions sharing similar parents. A dendrogram of the collected accessions showed two clusters at an inter-accession genetic distance coefficient of 0.36. The revealed information on genetic distance and genetic diversity of the sainfoin accessions is useful for selecting genetically diverse germplasms for sainfoin genetic improvement efforts.
Introduction
Sainfoin (Onobrychis viciifolia Scop.) belongs to the Fabaceae family and Hedysareae tribe and is native to south central Asia (Burton and Curley 1968) . The countries of Iran and Turkey are considered to be the main centers of diversity (Yildiz et al. 1999) . It is a legume mostly cross-pollinated by honey bees (Apis mellifera L.) and leaf cutting bees (Megachile rotundata Fabri.) (Goplen et al. 1991) . Interestingly, sainfoin populations have tetraploid (2n = 4× = 28) or diploid (2n = 2× = 14) forms (Frame et al. 1998; Zarrabian et al. 2013) . Sainfoin produces high quality and nonbloating forage for livestock production but it yields approximately 5%-20% less dry matter than alfalfa (Medicago sativa L.) in western Canada (Goplen et al. 1991) . This plant adapted well to a wide range of climatic and soil conditions (Frame 2005) . However, it displays several challenges for genetic improvement with poor regrowth, lack of persistence in forage mixtures, low tolerance to waterlogging and frost, and its poor competitive ability in the early stages of development (Hayot-Carbonero 2011; Bhattarai et al. 2016; Kempf et al. 2016) .
Although sainfoin was introduced to North America in 1786 (Hanna 1972) , its forage production in this region largely relies on a few cultivars. In Canada, Melrose (released in 1969) , Nova (released in 1980) , and AAC Mountainview (released in 2013) are the only three cultivars of sainfoin. In recent years, there has been increasing demand for high-yielding sainfoin cultivars with good stand persistence and rapid recovery under grazing in the temperate regions of North America. However, the progress in genetic improvement of sainfoin has been relatively slow due to the lack of sufficient breeding efforts. A better understanding of genetic diversity and relationships of diverse germplasm would be useful for sainfoin breeding as it may provide additional genetic information to select germplasm based on forage yield components (Majidi et al. 2009 ). The maintenance of high genetic diversity within a breeding program is also crucial for sainfoin breeding, as it is susceptible to inbreeding depression (Rasouli et al. 2013) .
Various morphological, anatomical, and molecular characteristics techniques can be employed to study genetic diversity. The inference of genetic diversity using molecular markers should be more informative than morphological traits as the former is not affected by environmental factors (Awasthi et al. 2004) . DNA-based fingerprinting technologies have been applied in genetic studies in a wide range of plant species. In sainfoin, random amplified polymorphic DNA (RAPD; Williams et al. 1990 ) and inter-simple sequence repeats (ISSRs) markers have been utilized to analyze its genetic diversity (Nosrati et al. 2012; Rasouli et al. 2013; Zarrabian et al. 2013; Avci et al. 2014; Hejrankesh et al. 2014; Zarrabian and Majidi 2015) . Efforts have also been made to develop amplified fragment length polymorphisms (AFLPs) (Vos et al. 1995) and simple sequence repeat (SSR) markers with little success (Hayot-Carbonero 2011; Demdoum et al. 2012) until recently with the discovery of 101 informative SSR markers (Kempf et al. 2016) . More recently, an RNA sequencing analysis revealed 3786 potential SSRs and 77 000 putative single nucleotide polymorphisms (SNPs) (Mora-Ortiz et al. 2016), providing a new opportunity to characterize and study sainfoin germplasm for its breeding and research.
In 2013, we initiated an AFLP analysis of sainfoin germplasm to assess the genetic diversity and genetic relationships among 38 sainfoin accessions collected from different regions of the world. The AFLP technique is a robust method of DNA fingerprinting but it has limitations (Williams et al. 1990; Vos et al. 1995) . Amplified fragment length polymorphism markers are dominant in nature and cannot distinguish homozygous and heterozygous alleles, and their informativeness has been questioned in many aspects of genetic analysis (e.g., Mechanda et al. 2004; Koopman 2005) . We nevertheless applied AFLP markers in this study with the following considerations. First, it does not require any prior sequence information and is suited for detecting genetic variation in cross-pollinated, polyploid crops with little genomic information. Second, it is more efficient for detecting polymorphisms and more informative than RAPD and ISSR (Powell et al. 1996; Loh et al. 2000) . Third, AFLP-based genetic diversity analyses have been successfully demonstrated in many forage crops (Ferdinandez and Coulman 2002; Fu et al. 2004; Peng et al. 2008; Harris et al. 2010; Biligetu et al. 2013 ).
Materials and Methods

Plant materials
The 38 sainfoin accessions used for this study originated from 21 countries representing four continents (Table 1 ; Fig. 1 ). Seedlings were grown in the greenhouse for 8 wk prior to being transferred to the field in July 2014 near Saskatoon (52°07′N and 106°38′W), SK. Thirty-two individual plants for each accession were space-planted in the field using a randomized complete block design with four replications consisting of eight individual plants. Row spacing was 1 m between any two individual plants.
Tissue collection and DNA extraction
In August 2015, fresh leaves of 10 randomly selected plants were sampled from each of the 34 sainfoin accessions in the field plot. Due to a low winter survival rate, six individual plants were randomly selected for accessions PI568208, CN45949, and LRC3519 and nine plants for PI380949 (Table 1) . Leaf samples were kept in a cooler on ice during transportation from the field to the lab. The leaf samples were freeze-dried (for 48 hr in a Labconco Freeze Dry System, Labconco Corporation, Kansas City, MO) and stored at −20°C. Approximately 10-15 mg of leaves of each plant were placed in a 1.5 mL microcentrifuge tube with three 2-mm glass beads. The leaf tissue was ground to a fine powder using a tissue lyser. The DNA was extracted using a DNeasy™ Plant Mini Kit (Qiagen Inc., Mississauga, ON) according to the manufacturer's instructions. Extracted DNA was quantified using a Nanodrop ND-8000 (Thermo Fisher Scientific, Wilmington, DE), followed by dilution to 25 ng μL −1 for AFLP analysis.
AFLP analysis
Amplified fragment length polymorphism analysis was performed using the AFLP™ Analysis System 1 (Life Technologies, Burlington, ON) according to Vos et al. (1995) with some modifications. DNA was digested with enzymes EcoRI and MseI at 37°C for 2 hr and inactivated at 70°C for 15 min. Immediately after restricted digestion of genomic DNA, the adapter was ligated to the restriction fragments with T4 DNA ligase at room temperature (20°C-25°C) for 2 hr to create primary templates. The ligated DNA was diluted 10-fold in the 96-well plate with 0.1 mol L −1 TE (10 mmol L −1 Tris-HCl pH 8.0, 0.1 mmol L −1 ETDA, distilled water), and then stored at −20°C. The ligated DNA was preamplified with preamplification primers. The amplified product was diluted 50-fold with 0.1 mol L −1 TE and used for selective amplification. Selective amplification reactions were performed using preamplified DNA and fluorescently labeled FAM EcoRI primers and unlabeled MseI primers. Ten EcoRI:MseI primer pairs were initially screened on six leaf samples and the five most informative primer combinations were selected and used for selective amplification. The product was diluted 40-fold with ultrapure water. One microlitre of diluted sample was combined with 8.75 μL of HI-DYE formamide and 0.25 μL of 600 LIZ and denatured for 3 min at 95°C and analyzed on an Applied Biosystems 3100x1 Genetic Analyzer (Applied Biosystems, Life Technologies, Burlington, ON). Data were collected using GeneMapper software version 4.1 (Applied Biosystems) with bin size set at 1 bp and scored from 60 to 600 bp. The minimal acceptable peak height was 50 units. As a check, two randomly selected individuals were repeated on each of the plates to minimize technical and scoring errors.
Data analysis
Data from GeneMapper were exported to Microsoft Excel and converted into a binary matrix and scored as 1 (present) or 0 (absent) with missing values recorded as 9. The analysis of AFLP polymorphisms was carried out by counting the number of polymorphic bands and generating summary statistics. The polymorphism information content (PIC) for each primer was calculated to measure the informativeness of a marker using the following formula (Roldan-Ruiz et al. 2000) :
where i is the ith primer, PIC i is the polymorphic information content of marker i, f i is the frequency of the amplified allele, and (1-f i ) is the frequency of the null allele.
To assess AFLP variation, Arlequin software version 3.05 (Excoffier et al. 2005 ) was used to perform an analysis of molecular variance (AMOVA). Genetic associations among the 38 sainfoin accessions were analyzed using NTSYS-pc 2.1 (Rohlf 1997 ) based on the inter-accession distance matrices obtained from the AMOVA. A dendrogram of the 38 sainfoin accessions was also made in NTSYS-pc 2.1 using the unweighted pair group methods with arithmetic mean (UPGMA). The genetic association among the 367 individual plants was further assessed without restriction to accession origin. A neighborjoining (NJ) analysis was made using PAUP* (Swofford 1998) based on the original dataset of 1042 alleles and a radiation tree was created using MEGA 3.01 (Kumar et al. 2004 ).
Results
AFLP markers
The five EcoRI:MseI-based primer pairs yielded clear and informative banding patterns useful for genetic analysis of sainfoin. The observed band frequencies ranged from 0.003 to 0.973 with a mean value of 0.165 (Table 2) . Mean value, minimum, and maximum band frequencies for each primer pair are shown in Table 2 . The lowest mean frequency (0.126) was observed for the primer pair E + ACC/M + CTC, whereas the highest mean frequency (0.196) was observed for the primer pair E + ACA/M + CAT. The PIC value ranged from 0.129 to 0.186 with a mean value of 0.166 (Table 2 ). The presence of a large number of polymorphic bands detected by the five AFLP primer pairs showed that AFLP markers are informative for evaluating the genetic diversity of sainfoin germplasm.
Genetic variation
The 38 accessions were categorized into three groups: Group A (East Asia), Group B (Europe and West Asia), and Group C (North America) ( Table 1) . As there is only one accession from Africa, it was not included in AMOVA by group. The majority of genetic variability occurred within accessions (84.3%) as compared to among accessions (15.7%). In addition, genetic variation was higher within regions (97.8%) than among regions (2.2%) (Table 3) . Although variation among the three groups made up a small fraction of the total genetic variation, it was significant (p < 0.001) based on the random permutation test. Within-accession variation analyzed by each group was 68%, 83%, and 93%, for the accessions from Group A, Group B, and Group C, respectively (Table 3) . Based on the percentage of polymorphic loci, the five most diverse accessions were WY-PX2-94, Lupinella, LRC3901, PI568208, and CN31800, respectively. The five least diverse accessions were CN38745, Marinella, LRC3519, CN45949, and PI636518, respectively (data not shown).
Genetic association
Inter-accession genetic distances were statistically significant between any two accessions except for 14 pairs of accessions (data not shown). There are three clusters: cluster I (PI636518 from China), cluster II (36 other accessions), and cluster III (PI568208 from Turkey) (Fig. 2) .
Cluster II consisted of many subclusters that were aligned together by genetic background and origin. The cultivars or breeding lines derived from the United States (WY-PX2-94, Shoshone, and SF-Laramie-73) were grouped with accessions from Ukraine (PI258773 and PI273791). This subcluster was loosely grouped with the other two cultivars from the United States (Renumex and Remont). Another distinct subcluster in the dendrogram includes the oldest Canadian sainfoin, cv. Melrose, aligned closely with Canadian accession SL895 and accessions from Armenia (PI313056 and PI110404) and England (Giant). Another subcluster consists of Canadian cv. Nova aligned together with Canadian accession SCO38401 and accessions from Kazakhstan (PI440577), France (CN31800), and Russia (PI502554). There was no distinct clustering of accessions from each of the three original groups. However, many accessions from Europe grouped together in a separate subcluster (PI319062, Dnepropetrovsk, Hampshire Common, and PI313066). Phylogenetic analysis of the 367 individual plants using the NJ model with the phi-distance method is shown in Fig. 3 . Individuals from North America and Europe were distributed relatively uniformly around the NJ tree while individual plants from East or West Asia showed a tendency to cluster together. Principal coordinates analysis revealed a distinctive cluster for accessions PI636518 and PI568208, however, the individual plants from other accessions showed an overlapping distribution (data not shown).
Discussion
As sainfoin is a relatively less developed forage legume with limited genetic information available, this study generated a set of useful genetic information for its breeding. Five AFLP primer combinations produced clear polymorphic marker profiling of sainfoin accessions. Significant genetic variation existed within accessions, among accessions, and among groups. The accessions PI636518 and PI568208 were found to be the most genetically diverse accessions. The majority of accessions were grouped together in subclusters based on cultivar pedigree. This information is useful for an initial selection for genetically diverse parent populations for crossing and creating genetically diverse populations.
Our results showed high within-accession genetic variation (84%), which was similar to the high withinaccession variation observed for wild germplasm of sainfoin (Nosrati et al. 2012 ) and regional (Iranian) accessions of sainfoin (Rasouli et al. 2013; Zarrabian et al. 2013; Hejrankesh et al. 2014) . High levels of within-accession variations based on AFLPs were also reported for other outcrossing perennial forage species such as perennial ryegrass (Guthridge et al. 2001) , white clover (Trifolium repens L.) , fringed brome (Bromus ciliatus L.) (Fu et al. 2005) , plains rough fescue [Festuca hallii (Vasey) Piper] (Qui et al. 2007) , and side-oats grama (Biligetu et al. 2013 ). Hamrick and Godt (1989) showed that outcrossing plant species tend to exhibit high within-accession (80%-90%) genetic variation. Sainfoin is an insect-pollinated perennial forage legume that is distributed worldwide from subtropical to temperate regions. Our results are aligned with the expectation for a high percentage of outcrossing in this species and consistent with the previous finding of a self-fertilization rate of 0.98% and 5.1% under plant isolation and manual pollination conditions, respectively (Thomson 1938) . Interestingly, Kempf et al. (2015) reported a selffertilization rate of 3.9% under indirect pollination but up to 65% self-fertilization in an artificially directed pollination population. Also, this study revealed a higher within-accession genetic variation for the accessions from North America (93%) and Europe and West Asia (83%) than the accessions from East Asia (68%). Further studies with large sample sizes are needed to clarify the discrepancy.
PI636518 from China and PI568208 from Turkey were the most different lines based on UPGMA analysis. This finding is consistent with the phenotypic characteristics observed in our field study (data not shown). Plants from accession PI636518 (cluster I) had short stems, small seeds, and low forage biomass production. Accession PI568208 (cluster III) had glossy leaves and a long spiked seed pod. The rest of the 36 accessions (cluster II) had an erect growth habit (except PI494667), green leaves, and higher biomass yield. In addition, the composition of many subclusters in the dendrogram could be explained, in part, by their pedigrees and origins. For example, the majority of the accessions from the United States clustered closely together, reflecting their common ancestry. For example, cultivar Renumex was developed from Remont (USDA NRCS 2015) and WY-PX2-94 is the second generation breeder class seed of Shoshone (Gray 2004) . Similarly, accessions LRC3519 and LRC3901, which are sister breeding lines from Lethbridge, AB, showed a nonsignificant difference in genetic distance. In contrast, the accessions from England (Giant and Hampshire Common) were clustered distinctly apart. This was likely because the cultivar Giant was developed from accessions from the Middle East while Hampshire Common originated from central Europe and clustered closely with accessions from Bulgaria (PI313066) . The Canadian accessions (Nova and SCO38401) were clustered together with Fig. 3 . Genetic relationships among 367 sainfoin individuals of 38 accessions representing four continents, as revealed by AFLP-based neighbor-joining (NJ) tree. Individuals from Group A (red), Group B (black), Group C (green), and Africa (blue) are highlighted with different colors. Each individual plant is labeled with an accession code (1-38) followed by an individual plant number (1-10). [Colour online.] an accession from Kazakhstan (PI440577), supporting the fact that Nova originated from Kazakhstan (Hanna 1980) . The Canadian sainfoin cultivar Melrose was developed from Russian lines (Hanna et al. 1970) and Melrose clustered with accessions from the former USSR (Armenia) (PI110397 and PI110404). Thus, the research results of genetic relationships are useful for the development of synthetic sainfoin cultivars. Future sainfoin breeding could potentially achieve more heterosis by crossing genetically distinct accessions such as PI636518, PI568208, CN38745, Marinella, and PI494667.
